All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The UBX family member proteins are thought to regulate diverse cellular processes, including protein stability and degradation. Members of the gene family include UBXN2a (also termed UBXD4), UBXN2b (p37), UBXN2c (UBXD10, p47, or UBX1), UBXN3a (FAF1 or UBXD12), UBXN3b (FAF2 or UBXD8), UBXN4 (UBXD2 or UBXDC1), UBXN6 (UBXD1 or UBXDC2), UBXN7 (UBXD7), UBXN8 (REP8 or UBXD6), UBXN9 (ASPCR1, RCC17, TUG, or UBXD9), UBXN10 (UBXD3), and UBXN11 (UBXD5, COA-1, or SOC). These proteins may be grouped into five evolutionary conserved families that are represented by UBXN1, UBXN2c, UBXN3a, UBXN6, and UBXN8. Perhaps the best studied family member is UBXN2c, known to play a crucial role in homotypic membrane fusion processes as an adaptor or co-factor for the AAA ATPase p97/valosin-containing protein (VCP) \[[@ppat.1006187.ref001]--[@ppat.1006187.ref006]\]. p97 is thought to control multiple aspects of cellular homeostasis, and recently dominant mutations in p97 that cause rare multisystem degenerative diseases with varied phenotypes have been linked to altered UBXN2c co-factor regulation \[[@ppat.1006187.ref007]\]. The UBX domain of p47 interacts directly with p97/VCP \[[@ppat.1006187.ref008]\], imitating ubiquitinated substrates of this chaperone \[[@ppat.1006187.ref009]\].

Other UBXN family members have been implicated as co-factors that cooperate with p97 \[[@ppat.1006187.ref010]--[@ppat.1006187.ref014]\]. In *C*. *elegans*, UBXN1, UBXN2, and UBXN3 appear to redundantly control spermatogenesis via degradation of TRA-1A \[[@ppat.1006187.ref012]\]. UBXN9, by modulating the activity of the p97-Ufd1-Npl4 complex, has been shown to be critical for the degradation of polyubiquitinated proteins via endoplasmic reticulum-associated protein misfolding pathway \[[@ppat.1006187.ref015]\]. However, for most of the other UBXN family members the physiological or cellular function is poorly if at all understood. Of note, members of the UBXN1, UBXN2c, and UBXN3a families also possess an N-terminal UBA domain, thought to be involved in (but not restricted to) binding ubiquitin monomers and higher order forms \[[@ppat.1006187.ref016]\].

Previously we had reported that UBXN1 negatively regulated RIG-I-like receptor (RLR) signaling by binding to MAVS and sterically blocking the interaction of MAVS with several downstream effectors \[[@ppat.1006187.ref017]\]. The overall outcome of RLR pathway inhibition by UBXN1 was enhanced replication of several RNA viruses, including vesicular stomatitis, Sendai, West Nile, and Dengue. Subsequently, a separate group reported that UBXN1 inhibited TNFα-stimulated NF-κB signaling by cIAP recruitment, independent of VCP/p97 \[[@ppat.1006187.ref018]\]. This action of UBXN1 blocked cIAP1 recruitment to TNFR1, inhibiting RIP1 polyubiquitination in response to TNFα.

NFκB signaling is central to the innate immune response in higher organisms, inducing expression of multiple genes via interferon signaling that inhibit pathogen replication, including human immunodeficiency virus type 1 (HIV) and several other viruses \[[@ppat.1006187.ref019]--[@ppat.1006187.ref022]\]. At the same time, HIV is dependent upon NFκB activation in order to promote viral RNA transcription---the viral long terminal repeat or LTR has two NFκB binding sites, and mutations or deletions in these binding sites modulate transcript initiation \[[@ppat.1006187.ref023]--[@ppat.1006187.ref025]\]. Stimulation of the canonical NFκB pathway requires phosphorylation and degradation of cytosolic IkBα, the latter by the 26S proteasome, and nuclear translocation of NFκB, comprised of a p50 and p65 heterodimer, to directly activate transcription of responsive genes \[[@ppat.1006187.ref026]--[@ppat.1006187.ref029]\]. Depending upon the model in vitro T cell system used, quiescent, genomically integrated HIV, which is transcriptionally silent and a barrier to viral eradication, can be stimulated out of latency by activation of the NFκB pathway \[[@ppat.1006187.ref030]--[@ppat.1006187.ref032]\]. Such transcriptional activation, coupled with other treatment modalities and immune recognition of HIV-infected cells, is a possible path towards HIV eradication and cure \[[@ppat.1006187.ref033]--[@ppat.1006187.ref038]\].

Over the years a number of viral and cellular negative regulators of NFκB signaling have been identified. One of the best known is A20, which functions as a ubiquitin editing gene, both adding and removing different polyubiquitin chains from NFκB signaling proteins \[[@ppat.1006187.ref039]--[@ppat.1006187.ref041]\]. Related to this mechanism of inhibition are the A20-Binding Inhibitors of NFκB (ABINs), which were originally identified as A20-binding proteins, and these are also thought to be involved in the negative feedback regulation of NFκB activation \[[@ppat.1006187.ref042]--[@ppat.1006187.ref043]\].

In the cytosol, NFκB heterodimer is held in an inactive state by IκBα, which after cell stimulation is phosphorylated by the activated IKK complex composed of NEMO and IKKα/β. Phosphorylated IκBα is recognized by the Cullin (Cul)1 E3 ubiquitin ligase scaffolding complex \[[@ppat.1006187.ref044]--[@ppat.1006187.ref046]\], which includes Skp1, Skp2 F-box (β--TrCP), and Rbx1, and IκBα undergoes polyubiquitination and subsequent 26S proteosomal degradation, allowing NFκB heterodimer nuclear translocation. Cul1 activity is itself regulated by the COP9 signalosome and neddylation \[[@ppat.1006187.ref047]--[@ppat.1006187.ref048]\]. Although it has been reported that rotavirus NSP1 induces proteosomal degradation of β--TrCP \[[@ppat.1006187.ref049]\] and ORF2 of hepatitis E virus directly binds β--TrCP and stabilizes IκBα \[[@ppat.1006187.ref050]\], we are unaware of any cellular factors known to obstruct or interfere with Cul1 function. Here we report that UBXN1 and other UBXN family members block the canonical NFκB signaling pathway and inhibit retroviral and lentiviral production via interaction with Cul1.

Results {#sec002}
=======

To further investigate the biology of UBXN1, we constructed an HIV-based, third generation lentiviral vector encoding the full-length UBXN1 cDNA (297 aa) and attempted to produce VSV G-pseudotyped lentiviral vector particles in 293T cells by co-transfection of HIV packaging and VSV G expression plasmids, but resultant HIV vector titers were reduced by two orders-of-magnitude compared to control, empty vector. To verify this reduction in titer was not a result of an intrinsic defect to the vector perhaps due to inhibitory cis-acting sequences present within the UBXN1 open reading frame, we co-transfected UBXN1 expression plasmid along with an HIV transfer vector and VSV G envelope plasmid again into 293T cells and observed \>100-fold reduction in resultant titer of the HIV vector on HOS targets, compared in parallel to the use of empty cDNA expression plasmid ([Fig 1B](#ppat.1006187.g001){ref-type="fig"}). To exclude the possibility that the reduction in titer was a result of less functional VSV G being expressed in the producers, 293T cells transfected with VSV G were acid --shocked at pH 5.2 for two minutes and cell syncytia were enumerated an hour later, and there was no observable difference in the number of multinucleate 293T cells in the presence or absence of UBXN1.

![Overexpression of UBXN1 inhibits retrovirus production and NFκB pathway.\
**(A)** Schematic of UBXN1 deletion and mutant constructs: yellow is N terminal UBA domain thought to bind polyubiquitin, green is coil-colied domain thought to mediate self-association, blue is UBX domain thought to interact with other proteins; **(B)** Quantification of HIV-eYFP (VSV G) production, after 293T co-transfection of HIV vector components and UBXN1 expression plasmid shown at bottom, with titer on HOS cells normalized to empty plasmid (set at 1), as measured by FACS; **(C)** Immunoblot of the various FLAG-UBXN1 mutant proteins, as detected using anti-FLAG antibody; **(D)** Quantification by FACS of HIV LTR activity in 293T cells transfected with decreasing amounts of 1--297 UBXN1 along with HIV-eYFP, as measured by eYFP MFI, normalized to empty vector (EV) (black bars); also quantification by RLU of HIV LTR-FFLUC, also normalized to EV (grey bars); underneath is shown immunoblot of transfected FLAG-tagged UBXN1 wt and AAA mutant proteins; **(E)** Quantification of transfection efficiency in 293T producers of other lentiviral vectors, as measured by eGFP/eYFP MFI by FACS in the presence of either FLAG-UBXN1 (grey bars) or EV (black bars); **(F)** As in part **(B)**, quantification of production of indicated retroviral vectors, after co-transfection of FLAG-UBXN1 (grey bars), FLAG-AAA mutant (open bars), or EV (black bars) expression plasmids along with packaging and transfer vector components and VSV G into 293T cells, with resultant titer normalized to that of EV (set at 1.0 in each case). Shown to the right is a representative immunoblot of wt UBXN1 and AAA mutant. \*\*\*\**p* \< 0.0001, \*\*\**p* \< 0.0005, \*\**p* \< 0.005, compared to EV, by two-way ANOVA.](ppat.1006187.g001){#ppat.1006187.g001}

To determine whether this reduction in titer was generalizable to other retroviral vectors, we tested other third generation, replication-defective retroviral vectors, including murine leukemia virus (MLV), feline immunodeficiency virus (FIV), simian immunodeficiency virus (SIV), and equine infectious anemia virus (EIAV), all in the presence or absence of co-transfected UBXN1 expression plasmid ([Fig 1F](#ppat.1006187.g001){ref-type="fig"}). Each retroviral vector was produced in 293T cells using a three-component plasmid system comprised of VSV G, retroviral packaging vector driven by CMV immediate-early enhancer/promoter (IE), and retroviral transfer vector encoding either eGFP or eYFP. In each case, there was a significant decrease in retroviral vector titer in the presence of co-transfected UBXN1, as assessed by flow cytometry readout on target HOS cells 72 h post-transduction ([Fig 1F](#ppat.1006187.g001){ref-type="fig"}).

To see whether other UBXN family members had a similar effect, we obtained or cloned ourselves CMV IE-driven, FLAG epitope tagged versions of p47, UBXD4, UBXN3a, UBXD8, UBXN4, UBXN6, UBXN7, UBXN8, UBXN9, UBXN10, and UBXN11 (for UBXN11 both rat and human cDNAs), and verified appropriate expression of each after transient transfection of 293T cells, although there was some variability in expression levels between each family member ([S1a Fig](#ppat.1006187.s001){ref-type="supplementary-material"}). Each of these UBXN constructs was co-transfected with HIV or FIV transfer and packaging vector components as described above, along with VSV G, and reproducibly we observed significant, marked inhibition of lentiviral vector production when UBXN1, UBXD8, UBXN6, UBXN11 and UBXN9 were co-transfected and expressed ([S1b and S1c Fig](#ppat.1006187.s001){ref-type="supplementary-material"}).

In the HIV vector used in the above experiments, the autofluorescent reporter is driven off the viral long terminal repeat (LTR), and reporter gene expression was also significantly reduced in a dose-dependent manner by UBXN1 in 293T producer cells, which paralleled that of an HIV LTR-FFLUC construct ([Fig 1D](#ppat.1006187.g001){ref-type="fig"}). This marked reduction in LTR activity was also observed for the SIV and FIV LTRs after plasmid transfection of 293T cells ([Fig 1E](#ppat.1006187.g001){ref-type="fig"}). Because of this result, we tested whether UBXN1 and the four other family members directly affected transcriptional initiation of HIV and other retroviruses. After transient transfection into 293T cells of replication-defective HIV, SIV, and MLV vectors that all have LTRs driving eGFP, all five UBXN family members reduced LTR activity, with UBXD8 having the least amount of inhibitory activity ([S1d Fig](#ppat.1006187.s001){ref-type="supplementary-material"}). Additionally, using firefly luciferase reporter transient transfection assays, full-length UBXN1 and other family members, including the four mentioned above, inhibited NFκB and HIV LTR activity but with rare exception had no or little effect on the AP-1 promoter ([Fig 2A and 2B](#ppat.1006187.g002){ref-type="fig"}, [S1e Fig](#ppat.1006187.s001){ref-type="supplementary-material"}).

![Characterization of UBXN1 functional domains by reporter assay.\
**(A)** Quantification of NFκB-FFLUC reporter in HEK293 cells 48 h after 96-well format transfection with indicated Myc-UBXN1 constructs (80 ng per well) or empty plasmid (Vector), in the presence 5 ng/mL TNFα for 4h; **(B)** Similar to **(A)**, using an HIV LTR-FFLUC reporter; **(C)** Similar to **(A)**, using an AP1-FFLUC reporter. All data represent mean ± SEM (n = 3). \*\*\*\**p* \< 0.0001, \*\*\**p* \< 0.0005, \*\**p* \< 0.005, \**p* \< 0.05, compared to vector alone, by two-way ANOVA.](ppat.1006187.g002){#ppat.1006187.g002}

NFκB activity is controlled by nuclear translocation, which can only occur if IkBα is degraded via the 26S proteasome, mediated in part by the E3 ubiquitin ligase Cullin1 (Cul1) \[[@ppat.1006187.ref051]--[@ppat.1006187.ref052], [@ppat.1006187.ref045]\]. Previously, UBXN1 had been shown to interact with several Cullins, including Cul1 (<http://www.ebi.ac.uk/intact/pages/interactions/interactions.xhtml?query=Q04323*>). When epitope-tagged versions of both UBXN1 and Cul1 were both over-expressed in 293 cells, they interacted with each other by co-immunoprecipitation (IP)-immunoblotting ([Fig 3A](#ppat.1006187.g003){ref-type="fig"}). This co-IP-IB interaction was also observed between endogenous Cul1 and exogenous, epitope-tagged versions of UBXN1, UBXN9, and UBXN11 expressed in 293 cells ([S2g Fig](#ppat.1006187.s002){ref-type="supplementary-material"}).

![UBXN1 interacts with Cullin1 and prevents IκBα degradation.\
**(A)** FLAG-UBXN1 was co-transfected with Myc-Cul1, as indicated, and immunoprecipitated (IP) using anti-FLAG antibody, followed by immunoblotting (IB) using anti-FLAG or Myc antibody; β−tubulin served as loading control; **(B)** Left: schematic of Cul1 deletion constructs, with indicated regions that bind to Skp1 and Rbx1 (green and yellow, respectively, not precisely to scale); right: FLAG-Cul1 constructs were transfected into HEK293 cells, as indicated at top; endogenous UBXN1 was detected using anti-UBXN1 antibody and β−tubulin again served as loading control; **(C)** left: At top: Co-IP of endogenous UBXN1 and Cul1 from HFFs, after stimulating cells with 10 ng/mL TNFα; input of various proteins shown at bottom; right: relative band intensity of IκBα and Cul1, normalized against the density of β−tubulin (in the left immunoblot image); **(D)** left: Transfection of HEK293 cells with either empty vector or plasmid encoding FLAG-UBXN1, treated with 5 ng/mL TNFα for the indicated times, and cell lysates immunoblotted for all three indicated proteins, with β−tubulin serving as loading control; right: relative band intensity of IκBα normalized against the density of β−tubulin (in the left immunoblot image); **(E)** Similar to **(D)** except that NFκB-FFLUC reporter was co-transfected and cell lysates assayed for luciferase activity, normalized to co-transfected Renilla-LUC reporter, in the presence (grey bars) or absence (black bars) of UBXN1. Experiments of **(C)** and **(D)** were repeated at least twice, with similar results.](ppat.1006187.g003){#ppat.1006187.g003}

Cul1 is considered a scaffolding protein that binds to the adaptor protein Skp1 near its amino terminus and ring box protein Rbx1 near its carboxy terminus; the receptor protein Skp2~fbox~ binds to Skp1 and also to substrate protein. To determine which regions of Cul1 interacted with UBXN1, a series of Flag epitope-tagged derivatives of Cul1 were constructed and expression in 293 cells assessed by immunoblotting ([Fig 3B](#ppat.1006187.g003){ref-type="fig"}, left and right). All Cul1 proteins expressed at detectable levels. By co-IP and immunoblotting in 293 cells, UBXN1 interacted with both the N and C-terminal thirds of Cul1, but not the middle third of the protein (3B, right). These results suggest that there are multiple points of contact between UBXN1 and Cul1.

We next examined the ability of the endogenous forms of both Cul1 and UBXN1 to interact with each other, before and after TNFα stimulation of primary, non-transformed cells. In the absence of TNFα, the two proteins co-IP in human foreskin fibroblasts (HFFs), but after TNFα stimulation there was visibly less interaction as seen by co-IP, which temporally coincided almost precisely with IkBα degradation ([Fig 3C](#ppat.1006187.g003){ref-type="fig"}, quantified on the right). Once IkBα levels returned to baseline, so did the observed interaction between Cul1 and UBXN1. Total levels of Cul1 and UBXN1 were unaffected by TNFα treatment of HFF cells, nor were there any obvious changes in the mobility of either protein by SDS-PAGE ([Fig 3C](#ppat.1006187.g003){ref-type="fig"}).

Degradation of IkBα is central to the activation of NFκB, which is mediated by Cul1 scaffolding complex of Skp1 adapter, Skp2~fbox~ receptor, and Rbx1, which binds to IkBα substrate and results in its ubiquitination and subsequent targeting to the 26S proteasome for degradation. Over-expression of UBXN1 completely blocked IkBα degradation ([Fig 3D](#ppat.1006187.g003){ref-type="fig"}, quantified on the right), which mirrored the inhibition of NFκB activity ([Fig 3E](#ppat.1006187.g003){ref-type="fig"}). This was also true for UBXN9 and UBXN11, but not UBXN6 ([S2c and S2d Fig](#ppat.1006187.s002){ref-type="supplementary-material"}, quantified on the right). These results suggest that UBXN1, N9, and N11 but not UBXN6 block IkBα degradation, thus inhibiting NFκB activity.

In order to map the functional domains of UBXN1, previously we had made a series of epitope-tagged UBXN1 deletion constructs ([Fig 1A](#ppat.1006187.g001){ref-type="fig"}) \[[@ppat.1006187.ref017]\]. These constructs, which consisted of both N and C terminal truncations, and internal deletions of the UBA, UBX, and coiled-coiled domains to allow functional assessment of these three regions of UBXN1, were also tested in the above assays. Of note, reproducibly the shorter constructs were not well-expressed, either because they were unstable or due to poor transfer to the filter membrane ([Fig 1C](#ppat.1006187.g001){ref-type="fig"}). The ability of UBXN1 to inhibit HIV-based vector production ([Fig 1B](#ppat.1006187.g001){ref-type="fig"}), NFκB activity ([Fig 2A](#ppat.1006187.g002){ref-type="fig"}), HIV LTR activity ([Fig 2B](#ppat.1006187.g002){ref-type="fig"}), degradation of IκBα ([S2a and S2b Fig](#ppat.1006187.s002){ref-type="supplementary-material"}), along with interaction with Cul1 ([S2e and S2f Fig](#ppat.1006187.s002){ref-type="supplementary-material"}) mapped to its UBA domain (amino terminus), with a second important determinant between amino acids 240 and 253. One puzzling result is that the 1--240 aa construct was well-expressed and variably interacted with Cul1 but was less inhibitory in these assays compared to 1--230 aa and the 1--253 aa constructs, suggesting that it was not completely folded correctly or lacked necessary post-translational modifications. Neither the C terminus (amino acids 253--297) nor the coiled-coil domain (amino acids 87 to 172) of UBXN1, the latter of which mediates interaction between UBXN1 monomers \[[@ppat.1006187.ref017]\], was necessary for these activities. A triple alanine (AAA) substitution mutation in the UBA domain thought to bind to ubiquitin multimers (amino acid positions 13--15) markedly reduced the inhibitory activity of UBXN1. This was true for HIV vector production ([Fig 1B](#ppat.1006187.g001){ref-type="fig"} and [S1b Fig](#ppat.1006187.s001){ref-type="supplementary-material"}), HIV LTR transcriptional activity (Figs [2B](#ppat.1006187.g002){ref-type="fig"} and [1D](#ppat.1006187.g001){ref-type="fig"}), production of other retroviral vectors with the possible exception of MLV ([Fig 1F](#ppat.1006187.g001){ref-type="fig"} and [S1b Fig](#ppat.1006187.s001){ref-type="supplementary-material"}), and NFkB transcriptional activity ([Fig 2A](#ppat.1006187.g002){ref-type="fig"}). This AAA UBXN1 mutant is quite informative since it was very well expressed but clearly did not interact with Cul1 by co-IP ([S2e and S2f Fig](#ppat.1006187.s002){ref-type="supplementary-material"}). This is consistent with the inhibitory activity of UBXN1 being mediated by interaction with Cul1.

In order to examine whether there is a genetic interaction between UBXN1 and Cul1, increasing amounts of UBXN1 and a dominant negative (DN), COOH-truncated form of Cul1 were co-transfected into 293T cells in the presence of an HIV LTR-FFLUC reporter. As expected, in the absence of the DN Cul1 increasing amounts of UBXN1 were inhibitory, in a dose-dependent fashion ([S3 Fig](#ppat.1006187.s003){ref-type="supplementary-material"}). Additionally, increasing amounts of DN Cul1 in the absence of UBXN1 were also inhibitory, presumably because DN Cul1 interferes with the function of endogenous Cul1 in targeting IκBα for proteasomal degradation. Intermediate amounts of DN Cul1, however, were stimulatory in the presence of UBXN1, likely because the exogenous DN Cul1 interacts with UBXN1, blocking its inhibitory function against endogenous Cul1. Moreover, at the highest amounts of both UBXN1 and DN Cul1 there was no further inhibition of HIV LTR activity, suggesting that both are acting similarly, on the same pathway.

Both Skp1 and Rbx1 are known to bind to the N and C termini of Cul1, respectively, in order to target substrate proteins for proteosomal degradation. Because UBXN1 appeared to bind both the N and C termini of Cul1 as well, we investigated whether UBXN1 interacted with Skp1 or Rbx1 and whether UBXN1 interfered with either Skp1 or Rbx1 binding to Cul1. We constructed epitope-tagged versions of both Skp1 and Rbx1 cDNAs driven by the CMV promoter and co-transfected 293 cells with those along with UBXN1 and Cul1 expression plasmids. As anticipated, by co-immunoprecipitation Skp1 bound to full-length Cul1 ([Fig 4A](#ppat.1006187.g004){ref-type="fig"}). Furthermore, Skp1 bound to Cul1 at the N-terminus, and increasing amounts of UBXN1 bound to Cul1 and yet did not displace Skp1 bound to Cul1 ([Fig 4B](#ppat.1006187.g004){ref-type="fig"}). In addition, UBXN1 did not interact with Skp1.

![Co-immunoprecipitation of UBXN1, Rbx1, Skp1, and Cul1.\
**(A)** 293T cells were transiently transfected with the indicated FLAG-UBXN1 constructs or FLAG-Cul1 in the presence of either Myc-Rbx1 or Myc-Skp1 as indicated, with co-IP at top and input, including β-tubulin, at bottom; **(B)** Similar to **(A)**, except decreasing amounts of Myc-UBXN1 were transfected along with Myc-Skp1 and either empty vector (EV), ½-1 FLAG-Cul1, FLAG-Cul1, or 1/3-1 FLAG-Cul1, as indicated, with co-IP at top and input, including β-tubulin, at bottom; **(C)** Similar to **(B)**, except that Myc-Rbx1 was transfected along with EV, either 0-1/2 FLAG-Cul1, FLAG-Cul1, or 0-2/3 FLAG-Cul1, as indicated, with co-IP at top and input, including Cox IV, at bottom. Note that co-expression of Cul1 increased Rbx1 levels.](ppat.1006187.g004){#ppat.1006187.g004}

As expected, Rbx1 bound Cul1 and also to various forms of UBXN1, but not the coiled-coil domain by itself ([Fig 4A](#ppat.1006187.g004){ref-type="fig"}). Skp1 did not bind the latter half of Cul1 whereas UBXN1 did ([Fig 4B](#ppat.1006187.g004){ref-type="fig"}), however the binding of Skp1 to full-length Cul1 was not displaced by increasing amounts of UBXN1 ([Fig 4B](#ppat.1006187.g004){ref-type="fig"}). Also as expected Rbx1 bound to Cul1 at the C-terminus, and increasing amounts of UBXN1 did not displace Rbx1 bound to Cul1 ([Fig 4C](#ppat.1006187.g004){ref-type="fig"}). UBXN1, however, did bind to Rbx1 by co-immunoprecipitation ([Fig 4C](#ppat.1006187.g004){ref-type="fig"}).

We also examined whether there is a genetic interaction between Skp1 and UBXN1. Similar to the experiment with DN Cul1, increasing amounts of UBXN1 and full-length Myc-tagged Skp1 were co-transfected into 293T cells but in the presence of an HIV LTR-FFLUC reporter. As expected, in the absence of Myc-Skp1 increasing amounts of UBXN1 were inhibitory, in a dose-dependent fashion ([S4 Fig](#ppat.1006187.s004){ref-type="supplementary-material"}). Increasing amounts of Myc-Skp1 were also inhibitory, likely because Myc-Skp1 is titrating away Skp2~fbox~ from the Cul1 scaffolding complex. In this case, however, at intermediate levels of Myc-Skp1 and increasing amounts of UBXN1 there was no stimulation in HIV LTR activity. This may be explained by the fact that both UBXN1 and Myc-Skp1 bind to Cul1 ([Fig 4A](#ppat.1006187.g004){ref-type="fig"}) and at high amounts are inhibitory to Cul1 function. At the highest amounts of combined UBXN1 and Myc-Skp1 there was no further inhibition of HIV LTR activity, suggesting that both are indeed acting on the same pathway.

In order to examine the role of UBXN1 in a more physiological experimental setting, we first investigated the effect of knocking down UBXN1 using both shRNA and siRNA approaches in 293T cells. Validated shRNA against UBXN1 was ligated into an HIV-based vector, and when co-transfected into 293T cells with HIV packaging vector and VSV G expression plasmid the presence of the shRNA resulted in a 3 to 10-fold increase in viral titer of both the vector it was introduced into and also a separate HIV vector (encoding either eGFP or eYFP) used in parallel, compared to empty vector control ([Fig 5A](#ppat.1006187.g005){ref-type="fig"}). This increase in titer was observed for all three of the separate HIV vectors that were co-transfected. The boost in titer of the anti-UBXN1 shRNA-encoding HIV vector is even more surprising considering that any shRNA-containing vector typically reduces titer by 10 to 30-fold, due to activation of RNA interference in the 293T cells \[[@ppat.1006187.ref053]\]. siRNA and shRNA-encoded lentivirus vector-mediated knockdown of UBXN1 in 293 cells also resulted in significantly enhanced NFκB signaling ([Fig 5B](#ppat.1006187.g005){ref-type="fig"}). The degree of knockdown using the siRNA against UBXN1 was \~80% whereas for the shRNA it was \~50% ([Fig 5C](#ppat.1006187.g005){ref-type="fig"}).

![Knockdown UBXN1 results in enhanced retroviral vector production and NFκB signaling.\
**(A)** Quantification of HIV vector production after co-transfection of third-generation HIV-based vector encoding both anti-UBXN1 shRNA and puro^r^ gene (vs. control, empty vector), along with VSV G and either FG12, HIV-eYFP, or FG12-SV40 into 293T cells. FG12 is a third generation, self-inactivating HIV vector that encodes eGFP driven by the UbiC promote; FG12-SV40 is similar except it has an internal SV40 promoter driving eGFP. Top: puro^r^ titer on HOS targets; Bottom: percentage of eYFP/eGFP+ HOS targets as measured by flow cytometry for each of the three vectors, using two different amounts of indicated vector supernatant; **(B)** (left) Quantification of NFκB-FFLUC reporter in HEK293 cells after siRNA knockdown of UBXN1, compared to Trilencer-27 Universal scrambled negative control siRNA; (right) corresponding immunoblot of UBXN1 and β-tubulin in presence of either control or anti-UBXN1 siRNA. FFLUC values were normalized to those of co-transfected Renilla luciferase reporter; cells were stimulated for 4 h with 5 ng/mL of TNFα 48h post-transfection. (**C**) Similar to **(B)** except that either empty HIV vector pLK0.1 or vector encoding anti-UBXN1 shRNA was transfected into HEK293 cells, with corresponding immunoblot shown on right. Data represent mean ± SEM (n = 3). \**p* \< 0.05, \*\**p* \< 0.005, \*\*\**p* \< 0.0005, \*\*\*\* p\<0.0001 by two-way ANOVA.](ppat.1006187.g005){#ppat.1006187.g005}

We attempted to produce a murine conditional knockout animal, placing the LoxP-selection cassette in one of the small, 5\' introns of murine *UBXN1*. Although we were able to obtain several heterozygous male and female mice, we were unable to obtain homozygous targeted animals, despite multiple matings and pup screenings. We also harvested fetuses from heterozygous matings, prepared mouse embryo fibroblasts (MEFs) at embryonic days 7, 11, 18, but only observed heterozygous (*UBXN1* +/-) or wild-type homozygous (*UBXN1* +/+) MEFs, as assessed by PCR using primers that spanned an inserted LoxP site ([S2 Table](#ppat.1006187.s011){ref-type="supplementary-material"}). These results suggest that UBXN1 is essential for fetal development and eliminating the gene (or reducing its function) resulted in early embryonic lethality, to the point that homozygous null MEFs are not recoverable, even early on.

Instead, we decided to stably knockout or knockdown *UBXN1* in hTERT-immortalized MEFs and HFFs, respectively. To reduce UBXN1 expression in HFFs, we used the shRNA described above, encoded within the HIV-based vector, to produce stable HFF UBXN1 knockdown cells. After verifying \~50% knockdown ([Fig 6A](#ppat.1006187.g006){ref-type="fig"}, quantified on right), HFFs were stimulated with TNFα. There was a subtle but quantifiable enhanced recovery of IκBα levels in control versus knockdown HFFs, which was evident at both early and late time points ([Fig 6A](#ppat.1006187.g006){ref-type="fig"}). There were no differences in Cul1 levels between control and knockdown HFFs ([Fig 6A](#ppat.1006187.g006){ref-type="fig"}). We also assessed NFκB signaling and HIV LTR activity in the UBXN1 KD HFFs, which were both increased, compared to HFFs transduced with empty vector control ([Fig 6B](#ppat.1006187.g006){ref-type="fig"}). Of note, UBXN1 KD in HFFs or KO in MEFs did not modulate IkBα phosphorylation levels, most evident with the use of the proteosomal inhibitor Bortezomib, which suggests that UBXN1 does not inhibit or modulate IKK activity ([Fig 6A and 6C](#ppat.1006187.g006){ref-type="fig"}).

![UBXN1 blocks NFκB signaling and inhibits HIV LTR activity.\
**(A)** Left: immunoblot of indicated proteins from HFFs stably transduced with either empty HIV-based vector or vector encoding anti-UBXN1 shRNA, after stimulation with 5 ng/mL TNFα for indicated times; right: relative band intensity of IκBα, normalized to β−tubulin (in the left immunoblot image); **(B)** Quantification of NFκB (left) and HIV LTR (right) FFLUC reporters in cell lines of **(A)**, normalized to co-transfected Renilla-LUC plasmid; for NFκB reporter cells were treated for 4 h with 5 ng/mL TNFα 48 h post-transfection; **(C)** Left: immunoblot of indicated proteins from UBXN1-/- HPRT-/- and control HPRT-/- MEFs, after stimulation with 10 ng/mL TNFα for indicated times (upper) or treated with 1 μM Bortezomib for 5 h and then stimulated with 10 ng/mL TNFα for the indicated times (lower); right: relative band intensity of IκBα, normalized to β−tubulin (in the left immunoblot images); **(D)** Confocal immunofluorescence microscopy of UBXN1 and Cul1 in UBXN1-/- HPRT-/- and control HPRT-/- MEFs. Nuclear DNA stained with TO-PRO-3 (I); UBXN1 (II) and Cul1 (III) were stained using secondary antibodies conjugated to Alexa Fluor 546 and 488, respectively; IV shows merge; Scale bar = 10 μm; **(E)** Quantification of NFκB and HIV LTR-FFLUC reporters in UBXN1-/- HPRT-/- and control HPRT-/- MEFs. Left: NFκB-FFLUC values 48 h post-transfection in the presence of 5 ng/mL TNFα for 4h, normalized to Renilla-LUC reporter; right: HIV LTR-FFLUC values 48 hrs post-transfection, similarly normalized; **(F)** JLAT10.6 T cells stably transduced with either HIV-based vector encoding anti-UBXN1 shRNA or control empty vector, after stimulating the cells with 5 ng/mL TNFα for the indicated times and measuring % eGFP+ by FACS. Data in **(B)** and **(E)** represent mean ± SEM (n = 3). \*\**p* \< 0.005, \**p* \< 0.05 by student's t-test. Experiments of **(A)** and **(C)** were repeated several times, with similar results.](ppat.1006187.g006){#ppat.1006187.g006}

To knockout *UBXN1* in the immortalized MEFs, we used Cas9/CRISPR and guide (g)RNAs targeting both a 5' and 3' exon of the gene simultaneously, along with a gRNA targeting a coding exon of murine *HPRT*. The latter allowed us to select knockout MEFs using 6-thioguanine (6TG) and enriched for *UBXN1* knockout clones several hundred fold (see [Methods](#sec004){ref-type="sec"}). Control MEFs had *HPRT* alone knocked out. Knockout of UBXN1 in MEFs was verified by immunoblotting ([Fig 6C](#ppat.1006187.g006){ref-type="fig"}), PCR using flanking primers, and confocal immunofluorescence microscopy ([Fig 6D](#ppat.1006187.g006){ref-type="fig"}). We were unable to obtain KO HFFs using a similar strategy that involved gRNA co-targeting of human UBXN1 along with *HPRT*. Although small (\<100 cells) colonies resistant to 6TG arose in culture we were unable to propagate these HFFs; this may be related to altered cell cycle progression we observed in the KO MEFs (see below).

Knockout (both *UBXN1*-/- and *HPRT*-/-) MEFs appeared visibly larger and proliferated more slowly than *HPRT* -/- (control) MEFs ([Fig 6D](#ppat.1006187.g006){ref-type="fig"} and [S5a and S5b Fig](#ppat.1006187.s005){ref-type="supplementary-material"}). *UBXN1* KO MEFs were uninucleate but the nuclei were larger ([Fig 6D](#ppat.1006187.g006){ref-type="fig"}). Cell cycle analysis of mid-logarithmic growth *UBXN1* KO MEFs indicated most were in G2/M, in sharp contrast to the *HPRT* KO MEFs, which had a normal cell cycle distribution ([S5a and S5b Fig](#ppat.1006187.s005){ref-type="supplementary-material"}). Despite this, *UBXN1* KO cells were able to be passaged repeatedly, without evidence of senescence or progressive changes in morphology. After TNFα stimulation of *UBXN1* knockout MEFs, there was delayed recovery of IκBα protein levels, most obvious at the 10--40 min time points ([Fig 6C](#ppat.1006187.g006){ref-type="fig"}, top left, quantified on right). In the presence of the proteasomal inhibitor Bortezomib after TNFα treatment there was no discernible degradation of IkBα, irrespective of the presence or absence of UBXN1 ([Fig 6C](#ppat.1006187.g006){ref-type="fig"}, bottom left, quantified on right).

NFκB is well-known to induce IκBα in order to extinguish its own signaling, as an autoregulatory negative feedback mechanism. NFκB had significantly enhanced activity in the *UBXN1* KO MEFs, as did the HIV LTR reporter, compared to control cells ([Fig 6E](#ppat.1006187.g006){ref-type="fig"}). Cul1 levels were unchanged in the *UBXN1* knockout MEFs, compared to control MEFs ([Fig 6C](#ppat.1006187.g006){ref-type="fig"}). To test the reversibility of these effects, UBXN1 was added back to the *UBXN1* KO MEFs via lentiviral vector stable transduction. After doing so, there was an increase and stabilization of IκBα protein levels after stimulation of the cells with TNFα ([S6a Fig](#ppat.1006187.s006){ref-type="supplementary-material"}, quantified on right). We also observed significant inhibition of both NFκB and HIV LTR activity after UBXN1 was added back to the *UBXN1* KO MEFs ([S6b Fig](#ppat.1006187.s006){ref-type="supplementary-material"}).

In order to quantify the transcriptome after *UBXN1* KO, RNA-Seq was performed on both control and *UBXN1* KO MEFs. Nearly 800 genes were significantly up- and down-regulated in *UBXN1* KO compared to control MEFs ([S3 Table](#ppat.1006187.s012){ref-type="supplementary-material"}). Using KEGG analysis, several gene pathways were significantly over-represented in terms of modulated genes, including focal adhesion, cytokine-cytokine receptor interaction, ECM-receptor interaction, chemokine signaling, and protein digestion and absorption ([S4 Table](#ppat.1006187.s013){ref-type="supplementary-material"} and [S7a and S7b Fig](#ppat.1006187.s007){ref-type="supplementary-material"}). Whether UBXN1 KO directly or indirectly modulated the levels of these genes in MEFs is difficult to ascertain at this time.

We next examined the effects of reducing UBXN1 expression on lentiviral and retroviral replication. Despite higher NFκB activity, compared to control MEFs *UBXN1* KO MEFs were significantly less susceptible in single round infectivity assays to VSV G-pseudotyped, replication-defective HIV, SIV, FIV, EIAV, and MLV VSV G-pseudotyped particles ([S8a Fig](#ppat.1006187.s008){ref-type="supplementary-material"}). All of these vectors encoded an autofluorescent gene such that transduction was measured by flow cytometry. This was also true for replication-defective adenoviral vectors ([S8b Fig](#ppat.1006187.s008){ref-type="supplementary-material"}), but the *UBXN1* KO MEFs were equally or more susceptible to infection by adeno-associated virus vector ([S8c Fig](#ppat.1006187.s008){ref-type="supplementary-material"}), suggesting that the observed phenotype is not simply due to a general unhealthy or toxic cellular state. Similar results were observed with the KD MEFs ([S8d Fig](#ppat.1006187.s008){ref-type="supplementary-material"}).

To examine the effects of reduced UBXN1 expression in a more physiological system related to HIV replication, we stably knocked down UBXN1 in C8166 T cells using the shRNA-encoding HIV vector described above, with \~50--80% KD confirmed by immunoblotting and RNA Seq, respectively ([S9a Fig](#ppat.1006187.s009){ref-type="supplementary-material"} and S5 Table). The C8166 knockdown T cells had enhanced NFκB signaling and HIV LTR activity compared to control C8166 T cells ([S9b Fig](#ppat.1006187.s009){ref-type="supplementary-material"}). Using replication-defective, single cycle HIV-based vectors pseudotyped with either VSV G or CXCR4-tropic HIV envelopes, we observed that KD C8166 T cells were equally susceptible to HIV infection, compared to control C8166 T cells ([S9c Fig](#ppat.1006187.s009){ref-type="supplementary-material"}). This is likely because multiple transcription factors, not just NFκB, regulate transcription off the HIV LTR.

HIV latency in the memory T cell population is thought to be a major barrier to virus eradication in man, with multiple layers of regulatory control at the level of transcriptional initiation, including reduced activity of NFκB. In order to test the effects of UBXN1 on HIV latency, control or shRNA against UBXN1 was introduced by lentiviral vector transduction into JLAT 10.6 T cells, a Jurkat T cell-based line with an integrated but replication-defective HIV encoding eGFP that is a model of HIV latency. Degree of knockdown of UBXN1 was assessed to be \~80% by immunoblotting ([S9e Fig](#ppat.1006187.s009){ref-type="supplementary-material"}). In control JLAT 10.6 T cells, percentage eGFP+ cells was \~3%, which increased to \~75% after 48 h of TNFα treatment, whereas shRNA UBXN1 JLAT 10.6 T cells at baseline were \~25% eGFP+, which increased to 90% after 48 h of TNFα stimulation ([Fig 6F](#ppat.1006187.g006){ref-type="fig"}). shRNA UBXN1 JLAT 10.6 T cells did not appear to be more sensitive to TNFα treatment ([S9f Fig](#ppat.1006187.s009){ref-type="supplementary-material"}), nor did they apoptose after TNFα stimulation. These results suggest that reduction in UBXN1 levels resulted in activation of NFκB, leading to enhanced HIV LTR-based transcription in this JLAT Jurkat cell line.

Discussion {#sec003}
==========

Although UBXN1 was previously thought to be involved in protein degradation and turnover \[[@ppat.1006187.ref054]--[@ppat.1006187.ref057]\], we have now shown that UBXN1 inhibits two key antiviral pathways, both RLR and NFκB signaling, by binding to cellular components and interfering with downstream effector functions. While other cellular, viral, and bacterial gene products are known to inhibit one or the other pathway, to our knowledge UBXN1 is unique in this regard and appears to tonically inhibit NFκB signaling by somehow interfering with Cul1 function in unstimulated cells.

Of interest, several other UBXN family members, notably N3b (D8), N6, N9, and N11, consistently and quite markedly inhibit the production of replication-defective HIV and other retroviruses from 293T cells. Although all four of those family members and UBXN1 have inhibitory activity directed against both NFκB and the HIV LTR, only UBXN1, UBXN9 and UBXN11 stabilized IkBα after TNFα stimulation. Those three family members also interacted with Cul1, at least by co-immunoprecipitation. That in *UBXN1* KO MEFs after TNFα stimulation there is enhanced degradation of IkBα but levels return to baseline suggests that there is some redundancy in the system. The fact that the four other UBXN family members were expressed in MEFs, with RPKM values ranging from \~2 to 30 (lowest for UBXN11), supports this contention. Of note, UBXN1 RPKM values in MEFs were much higher, at approximately 100. Precisely how UBXN family members N6 and N3b (D8) act to inhibit NFκB signaling and retrovirus production and whether different UBX gene family members can compensate for each other remains to be explored.

At this juncture we cannot exclude the possibility that UBXN1 has other, yet unknown inhibitory activities. For example, UBXN1 and the four other UBXN family members inhibited MLV LTR activity, and yet the MLV LTR does not have any NFκB sites. The mechanism of NFκB inhibition we describe here regarding IkBα stabilization is completely unrelated to and distinct from that recently reported by an independent group of investigators \[[@ppat.1006187.ref018]\]. It is not entirely clear how UBXN1 becomes inactivated after TNFα cellular stimulation and then is no longer able to interact with Cul1 (or interacts only weakly with Cul1). Precisely how UBXN1 inhibits Cul1 function is not known. Based upon the fact that UBXN1 independently interacts with both the N and C-termini of Cul1, does not interact with Skp1 but does with Rbx1, and does not inhibit the binding of Skp1 or Rbx1 to Cul1, we present schematic models of how UBXN1 may be inhibiting the canonical NFκB pathway ([Fig 7A](#ppat.1006187.g007){ref-type="fig"}). In one model, UBXN1 binds to Cul1 and multimerizes to somehow inhibit Cul1 function without much allosteric effect ([Fig 7B](#ppat.1006187.g007){ref-type="fig"}); in the other, the presence of UBXN1 results in a conformational change in Cul1 between the N and C terminal domains, which are thought to be connected by a flexible linker region ([Fig 7C](#ppat.1006187.g007){ref-type="fig"}). In both of these models Skp1 binds to Cul1 independently of UBXN1 whereas UBXN1 interacts with Rbx1 and Rbx1 also binds to Cul1. Whether UBXN1 interferes with the binding of other proteins or enzymes (i.e., Skp2 or E2 ubiquitin conjugating enzyme) to Skp1, Rbx1, or Cul1 remains to be established. Interaction between UBXN1 and Cul1 may be indirect, mediated by another protein(s) (e.g., ubiquitin multimers) or by a small molecule; experiments to examine direct binding of purified UBXN1 to Cul1 and Rbx1 are in progress. Whether UBXN1 also disrupts the function of other Cul family members is also under investigation. It is important to note that have we not yet observed any post-translational modifications of UBXN1 after cell stimulation that could potentially regulate its activity.

![Schematic models of UBXN1 interaction with Cul1.\
**(A)** Cartoon rendering of how UBXN1 may be interfering with Cul1 in the canonical NFκB signaling pathway; **(B)** and **(C)** additional schematics of how UBXN1 may somehow be interfering with Cul1 activity either by steric hindrance **(B)** or allosteric effect **(C)**. UBXN1 is known to multimerize and interacts with both N and C termini of Cul1; stoichiometry between UBXN1 and Cul1 is not known (dashed ovals). In both models Skp1 and Rbx1 interact with the N and C termini of Cul1, respectively, and UBXN1 interacts with Rbx1 but not Skp1. These models do not exclude the possibility that another factor or protein (e.g., multimerized ubiquitin) mediates the interaction between UBXN1 and Cul1/Rbx1.](ppat.1006187.g007){#ppat.1006187.g007}

UBXN1 is not a viral restriction factor since it interacts with cellular proteins and not any viral gene products and in fact can enhance RNA virus replication \[[@ppat.1006187.ref017]\]. Here it inhibits HIV and other lentivirus production in single cycle assays likely because virus production in 293T cells is very dependent upon NFκB binding to the viral LTR enhancer as part of the enhanceosome and stimulating viral mRNA biosynthesis. This underscores the delicate and intricate balance the NFkB pathway plays during HIV infection since it is absolutely required for high level virus production and yet the downstream effectors or interferon stimulated genes can be detrimental to virus replication. Thus, although much more HIV can be produced from activated CD4+ T cells, at later stages those same cells can block viral replication. With regards to quiescent memory T cells, thought to be the major reservoir of latent HIV and the chief barrier to cure \[[@ppat.1006187.ref058]--[@ppat.1006187.ref061]\], the data presented here knocking down UBXN1 gene expression in JLAT cells suggest that interfering with the function of UBXN1 and perhaps other family members may facilitate the reactivation of HIV gene expression by enhancing NFκB activity, as part of the 'shock and kill' strategy of eliminating latently HIV-infected T cells.

That UBXN1 blocks both the RLR and NFκB pathways suggests that it is involved in innate immunity. Thus far, examination of several thousand whole exome sequences from both the Yale and NHLBI collections have revealed no homozygous single nucleotide variants or indels within the UBXN1 coding sequence, consistent with its essential function in mouse embryogenesis. Perusal of the ExAC dbase demonstrates only a handful of homozygous missense mutations within the coding sequence of UBXN1 in man (<http://exac.broadinstitute.org/gene/ENSG00000162191>); several of these are conservative substitutions. It will be of interest to test the functionality of the other missense mutations and correlate with disease processes. It is possible that enhancement of UBXN1 function could ameliorate inflammatory disorders, certain forms of autoimmunity, and malignancy in which either the RLR or NFκB pathway has been activated \[[@ppat.1006187.ref062]\]. Additionally, other UBXN family members could play heretofore unappreciated roles in innate and adaptive immunity.

Materials and methods {#sec004}
=====================

Plasmids {#sec005}
--------

pNFκB-Luc, pRL-TK, and AP1-Luc reporters, and all UBXN1 expression plasmids were as previously described \[[@ppat.1006187.ref017]\]. HIV LTR-Luc and Tat expression plasmids were kind gifts of Dr. Andrew Rice (Baylor College of Medicine). pcDNA3-MYC3-Cul1 and pCDN3-DN-hCul1-Flag were obtained from Addgene; to prepare a FLAG-tagged version the Cul1 insert was excised using flanking BamH1 sites, Klenowed, and inserted into FLAG-pcDNA3.1/Zeo (Invitrogen) at the EcoR5 site, and expression confirmed by transfection and immunoblotting using anti-FLAG antibody as described above. Cul1 truncation mutants were made by PCR amplification using various combinations of primer pairs ([S1 Table](#ppat.1006187.s010){ref-type="supplementary-material"}) and PrimeStar HS DNA Polymerase (Takara), TOPO-cloned into pCR-Blunt II-TOPO vector (Invitrogen), and the insert sequenced by the dideoxy method. pSil-mHPRT-Tomato was a gift of Richard Flavell (Yale), and is based upon pSilencer-Tomato, with the gRNA sequence 5'-GATCCGAAAAAGTGTTTATTCCTCAGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTA-3' inserted between the BamH1 and HindIII sites (underlined sequence targets second exon of murine *HPRT*). pSil-mUBXN1-Tomato-1 and pSil-mUBXN1-Tomato-2 were similarly constructed, with insert sequences being 5'-GATCCGCATCGAGGCTGCGATGGATGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTA-3' and 5'-GATCCGCCTTCTGCTGTCCTCATTGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTA-3' (underlined sequences target third and last exon of murine *UBXN1*, respectively). HIV-CIY has been described \[[@ppat.1006187.ref063]\]; NL4-3-Renilla is based upon HIV provirus pNL4-3, with a frameshift in Vpr at the unique EcoR1 site and the 1.0 kb coding sequence of Renilla luciferase inserted at the unique Xho1 site in the same 5'-3' orientation as the other viral genes. FG12-SV40 is based upon the third generation HIV vector FG12 with the UbiC promoter replaced by a 0.35 kb SV40 origin-promoter. Both full-length Skp1 and Rbx1 were PCR-amplified from a HeLa cDNA library and cloned into three different expression plasmids such that the epitope tags (HA, FLAG, and Myc) were at the amino terminus; DNA sequence and protein expression of all six constructs were respectively confirmed by Sanger sequencing and immunoblotting, the latter after transient transfection of 293T cells.

Cell lines and cell cycle analysis {#sec006}
----------------------------------

Adherent or suspension cells were cultured in DMEM or RPMI (ThermoFisher Scientific), respectively, supplemented with 10--15% fetal calf serum (FCS, Life Technologies), ultraglutamine as needed, and antibiotics. Mouse embryo and human foreskin fibroblasts were immortalized using an HIV-based vector encoding hTERT, the catalytic subunit of human telomerase, or SV40 virus large T antigen, coupled by an internal ribosome entry site to *bsd*, and maintained in DMEM supplemented with 10 μg/ml blasticidin (Invivogen).

For cell cycle analysis, mid-logarithmic cells were lifted in PBS plus 2 mM EDTA, pelleted, resuspended in complete medium supplemented with 10 μg/mL Hoechst 33342, and incubated for 45 min at 37°C prior to data acquisition on an LSRII flow cytometer (B-D). Cell cycle analysis was performed using FlowJo software. Because MTT assay results were misleading due to the increased size of the *UBXN1* KO cells, for proliferation studies cells were plated at low density in replicates in 6-well format and enumerated manually every 48 h after trypsinization, using a hemocytometer and trypan blue exclusion dye staining, passaging as necessary.

Reagents and antibodies {#sec007}
-----------------------

Rabbit anti-UBXN1 (HPA012669), mouse anti-tubulin (T5168), and mouse anti-flag (F1804) antibodies were from Sigma-Aldrich; mouse anti-Cullin1 (32--2400) was from Invitrogen; mouse anti-Cullin1 (sc-17775) was from Santa Cruz Biotechnology. Rabbit anti-Cul1 monoclonal antibody was from Novus Biologicals (NBP1-40523). Rabbit anti-Myc (71D10), mouse anti-IκBα (L35A5), mouse anti-NFκB p65 (L8F6), rabbit anti-COX IV (3E11), rabbit anti-β-tubulin (9F3), rabbit anti-phospho-IκBα (Ser32) were all from Cell Signaling Technology. Secondary antibodies used from Cell Signaling Technology were anti-mouse IgG-HRP (\#7076) and anti-rabbit IgG-HRP (\#7074). Rabbit anti-p65 RelA (10745-1-AP) were from Proteintech; Phosphatase Inhibitor Cocktail (5870) and human Tumor Necrosis Factor-α (8902) were from Cell Signaling Technology; Protein A/G Agarose (20423) was from Thermo Scientific, Protease Inhibitor Cocktail Tablets (Complete EDTA-free) were from Roche Life Sciences. Alexa Fluor 488 Goat anti-Rabbit IgG (H+L) Secondary Antibody (Cat \#: A-11008), Alexa Fluor 546 Goat anti-Mouse IgG (H+L) Secondary Antibody (Cat \#: A-11003), TO-PRO-3 Iodide (642/661) (Cat \#: T3605), and ProLong Gold Antifade Mountant with DAPI (Cat \#: P-36931) were from Life Technologies. For enhanced chemiluminescence (ECL) HyGLO Quick Spray Chemiluminescent HRP Antibody Detection Reagent (Cat \#: E2400) and HyBlot CL Autoradiography Film (Cat \#: E3012; both from Denville Scientific Inc) were used.

Analysis of protein-protein interactions {#sec008}
----------------------------------------

Approximately 10^6^ HEK293 cells (from the American Type Culture Collection, Manassas, VA) were reverse transfected in 6 well plates with various expression plasmids using Lipofectamine 2000 (Life Technologies). Whole-cell extracts were prepared from transfected cells using lysis buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 2mM EDTA, 1% Triton X-100, and 0.1% SDS) and incubated overnight at 4°C with 1:100 dilution of mouse monoclonal anti-FLAG antibody, then bound to protein A/G PLUS-Agarose beads for 2 hr at 4°C. Beads were washed three times and proteins eluted by boiling for 10 min in SDS sample lysis buffer, electrophoresed on pre-made SDS-PAGE gradient gels, transferred to nitrocellulose membranes (Bio-Rad), and probed with anti-Cul1 rabbit monoclonal antibody (Novus Biologicals) as primary and anti-rabbit IgG-HRP as secondary to detect Cul1-UBXN1 interactions by ECL and autoradiography. For input protein expression, 10% of whole cell extracts were gel electrophoresed in parallel and probed with anti-FLAG, anti-Cul1, and anti-β-Tubulin antibodies.

For co-immunoprecipitation of endogenous proteins, \~2 × 10^6^ of immortalized human foreskin fibroblasts were stimulated with TNFα at a concentration of 10 ng/mL. Whole cell extracts (10 μg) were prepared at different time points using lysis buffer as described above, incubated overnight at 4°C with 1:100 dilution of rabbit anti-UBXN1 antibody (Sigma-Aldrich), bound to protein A/G Agarose beads, and further processed as described above.

For confocal immunofluorescence microscopy of UBXN1 and Cul1 in MEFs, cells were fixed in one of 8-chamber culture slides (Falcon, \#354108) with 4% formaldehyde-PBS for 15 min at room temperature, rinsed in PBS, then immunostained according to Immunofluorescence General Protocol (<http://www.cellsignal.com/contents/resources-protocols/immunofluorescence-general-protocol/if>). Primary rabbit anti-UBXN1 (Sigma-Aldrich) was diluted by 1:400, mouse anti-Cul1 (Santa Cruz) was diluted by 1:100. UBXN1 and Cul1 were stained using 1:1000 diluted secondary antibodies conjugated to Alexa Fluor 546 and 488 (Life Technologies), respectively, and nuclear DNA stained using TO-PRO-3. Images were acquired using a Zeiss LSM 510 Meta (objective 633).

RNA interference and gene knockout {#sec009}
----------------------------------

Four pmol of siRNA directed against human UBXN1 (\#SASI_Hs01_00134629, Sigma-Aldrich) or Trilencer-27 Universal scrambled negative control siRNA (SR30004, Origene) were reverse-transfected into HEK 293 cells using Lipofectamine 2000 in 12-well plates, together with luciferase reporter plasmids (80 ng NFkB-luc per well, for example, and 16 ng pRL-TK per well). Ninety-six h post transfection, cells were washed with PBS and lysed for Dual Glow Luciferase assay, following the manufacturer's instructions (Promega). FFLUC RLU was normalized to that of Renilla.

In order to generate stable UBXN1 knockdown cell lines, UBXN1-specific shRNA duplex oligonucleotides were designed targeting the same sequence as the siRNA above (\#SASI_Hs01_00134629, Sigma-Aldrich), and inserted into pLKO.1 cloning vector between Age1 and EcoR1 sites, and DNA sequence confirmed.

For shRNA vector production, 293T cells were transfected using the calcium phosphate method with 10 μg shRNA plasmid (or pLKO.1 empty cloning vector), 10 μg HIV-PV, and 10 μg VSV-G expression plasmid. Replication-defective particles were harvested 72 h later, filtered, and then used for transducing various cell lines. Stable knockdown cells were maintained in 10 μg/ml puromycin (Sigma-Aldrich), with other supplements as needed.

For knocking out UBXN1 in murine cells, 5 x 10^6^ immortalized MEFs were nucleofected using MEF reagent (Lonza) and A-024 Amaxa program with 5 μg of codon-optimized Cas9-eGFP (gift of Dr. Richard Flavell of Yale), 5 μg of pSil-mHPRT-Tomato, 5 μg of pSil- mUBXN1-Tomato-1 and 5 μg of pSil-gadRNA-mUBXN1-Tomato-2 or just 5 μg of pSil-mHPRT-Tomato. After 96 hr, cells were selected in 100 μM 6-thioguanine (Sigma-Aldrich). Surviving cells were diluted and seeded into 48-well plates to select for mouse knockout cell clones, expanded, and screened via immunoblot using anti-UBXN1 antibody. Genomic DNA was extracted from candidate knockout cell clones using DNeasy (Qiagen), and an \~4.0 kb region of murine UBXN1 PCR amplified using primers 5\'-TGGAGAGCCTCATCGAGATGGGCTTT-3\' and 5\'-TGCCCTTCTCAGAAAGGCAG TTCTGG-3\' with PrimeStar HS DNA Polymerase (Takara), TOPO-cloned into pCR-Blunt II-TOPO vector (Invitrogen), and both ends of the insert sequenced by the dideoxy method to confirm deletion or rearrangement of *UBXN1*.

Replication-defective, pseudotyped virus production {#sec010}
---------------------------------------------------

VSV G-pseudotyped, replication-defective HIV particles were produced from 293T cells using calcium-phosphate transfection protocol as described \[[@ppat.1006187.ref065]\], as were FIV-eGFP(VSV G) particles. In addition to VSV G expression plasmid, for production of replication-defective, single-cycle EIAV packaging and transfer vector plasmids were pCEV53B and SIN6.1CeGFPW, respectively (kind gifts of Dr. John Olsen, UNC-Chapel Hill), for MLV pHIT60 and pBabe-IRES-eYFP, for SIV pSIV-PV and pSIV-NIG (gifts of Dr. Hung Fan, UC Irvine).

RNA-Seq, and pathway analysis {#sec011}
-----------------------------

For deep sequencing of mRNA, total RNA from MEF UBXN1 knockout clones was extracted using RNeasy Mini Kit (Qiagen) according to the manufacture's instructions. RNA-Seq was performed by Yale's Stem Cell Center's Genome core by preparing a cDNA library depleted of rRNA, using Illumina HiSeq2000 platform (50 nucleotide paired-end reads). Reads were mapped to the hg19 human reference genome using TopHat2 aligner \[[@ppat.1006187.ref064]\], and results analyzed using CuffDiff pipeline to identify differentially expressed genes \[[@ppat.1006187.ref065]\].

List of genes that were determined to be significantly differentially expressed by RNA Seq analysis between total RNA samples was uploaded to the WebGestalt web server {<http://www.webgestalt.org>} and analyzed for enriched KEGG pathways. Statistical significance was calculated by WebGestalt. Pathway graphics were generated using the KEGG website and performing pathway enrichment analysis.

Supporting information {#sec012}
======================

###### Characterization of UBXN family member constructs.

**(a)** Immunoblot of FLAG-tagged UBXN family members after transient transfection of 293T cells, with β−tubulin serving as loading control; EV denotes empty vector; **(b)** Quantification of HIV-eYFP (VSV G) (closed bars) and FIV-eGFP (VSV G) (open bars) vector production, after 293T cell co-transfection of HIV/FIV vector components and UBXN1 or family member expression plasmid shown at bottom, with titer on HOS cells normalized to EV (set at 1, as measured by FACS 48 h post-transduction; **(c)** similar to **(b),** with quantification of HIV-CIY (VSV G) (left), EIAV-eGFP (VSV G) (right) vector production, using two different amounts of vector supernatant titered on HOS cells and normalized to empty plasmid (set at 1), as measured by FACS 48 h post-transduction; **(d)** quantification by FACS of LTR activity using eGFP/eYFP reporter for HIV, SIV, and MLV vectors after transfection of 293T cells, normalized to empty plasmid (set at 1), as assessed by FACS 48 h post-transfection; **(e)** left: quantification of NFκB-FFLUC (closed bars) and HIV LTR-FFLUC reporter (open bars) in HEK293 cells 48 h after 96-well format transfection with indicated Flag-UBXN family member plasmids or EV, after treatment with 5 ng/mL TNFα for 4h; right: similar but using an AP1-FFLUC reporter. All data represent mean ± SEM (n = 3). \*\*\*\**p* \< 0.0001, \**p* \< 0.05 by two-way ANOVA.

(TIFF)

###### 

Click here for additional data file.

###### UBXN mutants and family members inhibit NFκB activity by stabilizing IκBα.

**(a)** Left: immunoblot of cellular proteins after transfection of HEK293 cells with either empty plasmid, 1--253, or ΔCoiled-coil Myc-UBXN1 plasmids, treated with 5 ng/mL TNFα for the indicated times, with β−tubulin serving as loading control; right: relative band intensity of IκBα normalized to β−tubulin (in the left immunoblot image); **(b)** similar to **(a)** after transfection of HEK293 cells with either empty plasmid, Coiled-coil, or 211--297 Myc-UBXN1 plasmids; **(c)** similar to **(a)** after transfection of HEK293 cells with either empty, UBXN6, or UBXN9 FLAG-tagged plasmids, treated with 2 ng/mL TNFα for the indicated times, with β−tubulin again serving as loading control; **(d)** similar to **(a)** after transfection of HEK293 cells with either empty or UBXN11 FLAG-tagged plasmids; **(e, f)** top: co-immunoprecipitation of indicated FLAG-UBXN1 constructs with Myc-Cul1 after transfection of HEK293 cells; input of both tagged proteins is shown; **(g)** top: co-immunoprecipitation of endogenous Cul1 and FLAG-UBXN family members after transfection of HEK293 cells, using anti-FLAG antibody, followed by immunoblotting (IB) using anti-Cul1 or anti-FLAG antibody; input of tagged proteins shown; β−tubulin serves as loading control.
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Click here for additional data file.

###### Genetic interaction between Cul1 and UBXN1.

293T cells in 12-well format were transiently transfected with HIV LTR-FFLUC reporter and indicated amounts of DN Cul1 with either no UBXN1 (solid black), 0.125 μg UBXN1 (solid gray), 0.25 μg UBXN1 (dashed gray), or 0.5 μg UBXN1 (dashed black). Left: RLU readout 48 h post-transfection; right: immunoblots of tagged versions of UBXN1 and Cul1, with CoxIV serving as loading control.
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Click here for additional data file.

###### Genetic interaction between Skp1 and UBXN1.

293T cells in 12-well format were transiently transfected with HIV LTR-FFLUC reporter and indicated amounts of UBXN1 with either no Skp1 (solid black), 0.125 μg Skp1 (solid gray), 0.25 μg Skp1 (dashed black), or 0.5 μg Skp1 (dashed grey). Left: RLU readout 48 h post-transfection; right: immunoblots of tagged versions of UBXN1 and Skp1, with CoxIV serving as loading control.
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Click here for additional data file.

###### Knockout of UBXN1 Inhibits the Growth of MEFs.

**(a)** Forward and side scatter profiles of mid-logarithmic UBXN1-/- HPRT-/- clones 3 and 15 and HPRT-/- MEFs (top) and Hoechst cell cycle analyses by FACS, with 2N, S, and 4N distributions (bottom); **(b)** Cell growth kinetics of indicated of UBXN1-/- HPRT-/- clones 3, 15, 23 and 39 and HPRT-/- MEFs.
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Click here for additional data file.

###### Add back UBXN1 to UBXN1 KO MEFs Inhibits NFκB and HIV-LTR activity.

**(a)** Left: immunoblot of indicated proteins from UBXN1 knockout MEFs stably transduced with either empty or Flag-UBXN1 encoding HIV vector, after treatment with 5 ng/mL TNFα for the indicated times; right: relative band intensity of IκBα normalized to β−tubulin (in the left immunoblot image) **(b)** Quantification of normalized NFκB (left) and HIV LTR (right) FFLUC reporters in cell lines of **(a)**; for NFkB reporter, cells were treated for 4 h with 5 ng/mL TNFα 48 h post-transfection; data represent mean ± SEM (n = 3). \*\**p* \< 0.005, \**p* \< 0.05 by student's t-test.
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Click here for additional data file.

###### Significantly Enriched KEGG Gene Pathways in UBXN1 Knockout MEFs.

**(a)** Focal adhesion/ECM-receptor interaction pathway; **(b)** Chemokine signaling/cytokine-cytokine receptor interaction pathway. Genes significantly up- or down-regulated are highlighted in yellow, with log~2~ fold change indicated by the number of + or -- symbols (i.e., ++++ indicates gene was up-regulated approximately 16-fold); in cases where more than one gene was significantly altered, red dashed line connects to the regulated genes.
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Click here for additional data file.

###### Susceptibility of UBXN1 KO MEFs to Various Viral Vectors.

**(a)** Susceptibility of UBXN1 KO vs. control MEFs to VSV G-pseudotyped, replication-defective HIV, SIV, FIV, EIAV, and MLV. In all cases readout was by flow cytometry using transfer vector-encoded eGFP or eYFP reporter. All data represents mean ± SEM (n = 4); **(b)** Similar to **(a)**, using varying amounts of a first generation adenoviral vector encoding eGFP; **(c)** Similar to **(a)**, using varying amounts of a replication-defective AAV vector encoding eGFP; **(d)** Left: Susceptibility of UBXN1 stable KD vs. control MEFs to single cycle, VSV G-pseudotyped SIV, FIV, EIAV, and MLV, as in **(a)**; Right: Immunoblot of UBXN1 after knockdown by control or anti-UBXN1 shRNA HIV-based vector in MEF cells, with β-tubulin serving as loading control. All data represent mean ± SEM (n = 3). \*\*\*\**p* \< 0.0001, \*\*\**p* \< 0.0005, \**p* \< 0.05 by two-way ANOVA.
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Click here for additional data file.

###### Characterization of UBXN1 Knockdown T Cell Lines.

**(a)** Immunoblot of indicated proteins in C8166 T cells stably transduced with either HIV-based vector encoding shRNA against UBXN1 or empty vector; **(b)** Quantification of NFκB-FFLUC (left) and HIV LTR-FFLUC (right) reporters in UBXN1 KD vs. control C8166 T cells, data represent mean ± SEM (n = 3). \*\**p* \< 0.005, \**p* \< 0.05 by student's t-test; **(c)** Susceptibility of UBXN1 KD (pools of KD C8166 T cells derived from three independent transductions as indicated vs. control vector-transduced C8166 T cells (closed bars) to replication-defective HIV-CIY pseudotyped with either VSV G, NL4-3, or HXB2 env, with readout of % eYFP+ by FACS 72 h post-transduction; titer normalized by to that of wild type C8166 cells (set at 100); **(d)** Immunoblot of indicated proteins in JLAT 10.6 T cells stably transduced with control vs. HIV vector encoding shRNA against UBXN1; **(e)** UBXN1 KD or control JLAT 10.6 T cells treated with increasing amounts of TNFα from 10 pg/mL to 1 ng/mL for 48 h, then analyzed by flow cytometry, with % eGFP+ as readout, indicative of latent HIV reactivation.
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Click here for additional data file.

###### Primers for Amplifying Portions of Cul1.
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Click here for additional data file.

###### Screening of UBXN1 Heterozygous Mating.
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Click here for additional data file.

###### Genes Significantly Up- and Down-Regulated in UBXN1 Knockout MEFs.
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Click here for additional data file.

###### KEGG Pathway Analysis of RNA-Seq UBXN1 KO vs. MEF control.

(PDF)
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Click here for additional data file.
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